This paper gives a new design method for dynamical modular systems based on LMIs. The whole system consisting of dynamical modules may become unstable by connecting and disconnecting dynamical modules even though each module is stable. Therefore, we should study the stability of the whole system at connecting and disconnecting dynamical modules and investigate whether dynamical modular systems can have fault-tolerance from the viewpoint of stability. In this paper, the stability condition is provided, and it is shown that the whole system has fault-tolerance if the stability condition is satisfied. The design problem of connecting dynamical modules is formulated as a combinatorial problem subject to the stability condition, which can be described by LMIs, and the design method for optimal connections among dynamical modules is proposed.
1.
Introduction systems are determined by connections among dynamical modules. Moreover, these systems are required to have flexibility and fault-tolerance. That is, a whole system should keep stable even if new modules are connected to a whole system, some modules are replaced by new modules, and some modules fail. Therefore, it is significant to study an optimal connection between modules from the viewpoint of stability. Siljak et al. studied how to analyze and synthesize such complex systems as dynamical modular systems4). They provided design methods for a decentralized controller of each subsystem (individual module) where connections among dynamical modules are given. However, they did not study how to design connections among dynamical modules. Tanaka et al. studied about connections among dynamical modules based on fault-tolerance 5)6). In these studies, they analyzed a structure of connections between modules, however, did not provide the design method for connections in the case that dynamics of each module are given. To find connections among dynamical modules is *School of Engineering , The University of Tokyo, Bunkyo-ku Tokyo (Received January 29, 1999) (Revised August 6, 1999) important problem because a stability of dynamical modular systems depends on the property of each module and connections among dynamical modules.
The aim of this paper is to provide a design method for connections among dynamical modular systems. In this paper, we consider the case that new modules are connected to a stable system consisting of modules. Thee problem is to find connections between new modules and the system such that the whole system remains stable.
There are two difficulties in solving this problem. One is that dynamics of the whole system changes remarkably because new closed loops are created by connecting new modules. Another is that the problem of finding connections is combinatorial problem, which becomes difficult to solve when a number of modules increases.
Hamada et al. studied a combinatorial problem from the view point of fault-tolerance 11)12). They avoided the combinatorial difficulty by replacing the stability condition with more conservative condition. However, they did not solve the combinatorial problem. This paper focuses on solving the combinatorial problem.
In order to overcome these difficulties, the small gain theorem and the linear relaxation are applied. The stability condition of the whole system is obtained from the small gain theorem. Although this stability condition is conservative, the fault-tolerance of the whole system is guaranteed. Another advantage of this stability condition is that the problem of finding optimal connections is formulated as a convex programming by the linear relaxation, which is applied in order to overcome complexity of combinatorial problems. The relaxed problem of finding connections among dynamical modules is formulated as a convex programming subject to LMIs, and this problem can be solved quickly. We can find optimal connections among dynamical modular systems using the method provided in this paper.
This paper is organized as follows. In Section 2, the problem of connecting new modules is formulated. Section 3 provides a stability condition based on the small gain theorem and shows the whole system has fault tolerance if the stability condition is satisfied. In Section 4, the optimization problem is defined. Then, the method for solving the optimization problem is provided by applying the linear relaxation in order to overcome combinatorial complexity. Section 5 shows a design example of dynamical modular systems using the proposed design method. Throughout this paper, the following notation is utilized.
Ik: the identity matrix of the size k, 
where
I' E jq X l ,
and
2.3 System S The system S is also assumed to be a linear time invariant system described by the following state-space equation, The whole system can be described by this closed loop using two connection matrices 
where ui, yi, u and y are in equations (1)-(2) and (11)- 
Proof
The closed loop system (the whole system) shown in 
and ||L||• ‡=ƒÐ(L)=1. Then, There are some studies dealing with BMI problems15) 16)17)18)19)20)21).
In these studies , they study about a global optimization using a branch and bound method or other useful methods. The relaxed problem is important for these method in order to estimate the lower bound.
The method provided in this paper can give the lower bound of the problem. Therefore, if you want the exact optimal solution, you apply any glabl optimization method using the provided method to obtain the lower bound. 
